Prions result from the misfolding and selective accumulation of the host-encoded prion protein (PrP) in the brain. Despite intensive research on mammalian models, basic questions about the biological role of PrP and the evolutionary origin of prion disease remain unanswered. Following our previous identification of novel fish PrP homologues, here we generated new fish PrP sequences and performed genomic analysis to demonstrate the existence of two homologous PrP loci in bony fish, which display extensive molecular variation and are highly expressed in adult and developing fish brains. The fish PrP genomic regions contain PrP-related loci directly downstream of each PrP locus, suggesting an independent origin of prion-related proteins in fish and mammals. Our structural prediction analysis uncovers a conserved molecular "bauplan" for all vertebrate PrPs. The C-and N-terminal protein domains have evolved independently from one another, the former having retained its basic globular structure despite high sequence divergence and the latter having undergone differential expansion-degeneration cycles in its repetitive domains. Our evolutionary analysis redefines fundamental concepts on the functional significance of PrP domains and opens up new possibilities for the experimental analysis of prion misfolding and neurodegeneration in a non-mammalian model like the zebrafish.
Being a sine qua non condition for TSE onset, the existence of non-mammalian PrP homologues was promptly examined (15) (16) (17) (18) (19) (20) (21) , revealing a complex evolutionary scenario: PrPs are strongly conserved within vertebrate classes, but highly divergent between classes, with sequence similarity scores of ~30% and below between previously identified fish homologues and mammals (16, 18, 21) . Nevertheless, all known PrPs contain similar protein motifs, particularly at the globular domain, which shows minimal structural variation in mammals, chick, turtle, and frog (22, 23) . It is unclear how the function of PrP might have diversified during evolution and whether pathogenic prions arose independently in mammals. As a step toward the functional characterization of non-mammalian PrPs, we generated new fish PrP and PrP-related sequences from unreported species and used them to unravel the molecular evolution of vertebrate PrPs from the genetic, genomic, and structural perspectives. Our study examines the evolutionary variation of PrP domains from fish to mammals and provides alternative insights into their relative functional importance, as well as into the origin of the repetitive region and the existence of Doppel-like proteins in fish.
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MATERIALS AND METHODS
Molecular cloning
Novel fish PrP sequences spanning the end of the repetitive region and helix-1 were obtained by degenerate PCR. Previous PrP sequences were also used to BLAST (24) public databases for novel homologues genes in new model fish species. Publicly available genomic contigs sequences with best hits were analyzed for gene content, and putative ORFs were amplified from cDNA. Nucleic acids (~2.5 µg) were extracted from fish brains with TRIZOL (Invitrogen, Carlsbad, CA); total RNA was reverse transcribed with the SuperScriptII TM cDNA synthesis kit (Invitrogen). UTRs were isolated using the SMART RACE cDNA amplification kit (Clontech, Palo Alto, CA). PCR products were cloned into pCRII-TOPO (Invitrogen). Cycle sequencing was performed with the Big Dye Terminator AmpliTaq Kit (Applied Biosystems, Foster City, CA) on automated sequencers (Applied Biosystems 373A, 377). Primer sequences can be found in Supplemental Table 1 .
Generation of antisera
cDNAs spanning residues 304-528 of trout (globular domain) and 27-440 of Takifugu PrP-1 (repetitive and globular domains) were amplified and cloned into pET15b and pET16b vectors (Novagen, San Diego, CA), respectively, and transformed into BL21 (DE3) E. coli (Stratagene, La Jolla, CA). Expression of recombinant proteins was IPTG induced from single clone cultures. Upon lysis, protein suspensions were purified with NTA-columns (Qiagen, Hilden, Germany) and dialyzed in Tris buffer, and the precipitated fractions dissolved in PBS buffer. Antisera were generated by subcutaneous immunization of rabbits with 150-200 µg of recombinant peptide.
Expression analysis
Zebrafish PrP-2 RNA probe was labeled with the DIG RNA Labeling Kit (BoehringerMannheim, Mannheim, Germany). For whole mount in situ hybridization procedures on zebrafish embryos, see http://zfin.org/zf_info/zfbook/chapt9/9.8.html. For Northern blot assays on carp, 10 µg total RNA from different tissues was probed with carp PrP-1 (735 bp) and PrP rel-1 (510 bp) specific riboprobes. Autoradiographies (Kodak XAR-5 films, Steinheim, Germany) were exposed for 2 h. For Western blot analysis, fish brain homogenates were probed with 1:2000 diluted rabbit antisera and incubated with peroxidase-labeled (Dako, Glostrup, Denmark) or alkaline phosphatase-conjugated (Pierce, Rockford, IL) secondary α-rabbit antibodies. ECL chemiluminescent substrate (Amersham, Buckinghamshire, UK) and NBT-BCIP colorometric reagents (New England Biolabs) were used for detection.
PNGase F deglycosylation
Approximately 100 μg of trout, salmon, perch, and sea bass brain tissue were lysed in 1 ml PBS (pH 7.4) supplemented with 25 mM EDTA, 0.6% NP-40, 0.1% SDS, and 1% 2-mercaptoethanol. Then, 100 μl of samples were treated or nontreated with 5 U N-glycosidase F (Roche) for 24 h at 37°C. Twenty microliter aliquots were analyzed using a 10% SDS-PAGE, followed by immunoblotting using the antisera against Takifugu PrP-1.
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Molecular evolutionary and genomic analysis
Sequence alignments were performed manually and with CLUSTALW (PAM-250 scoring matrix). Phylogenies were reconstructed with maximum parsimony, distance, and minimum evolution methods in PAUP v4.0d64 (Sinauer Associates) and MEGA (25) . Reliability of tree topologies was tested by 1000 bootstraps. Codon-based selection analysis was conducted through the Z-test of synonymous and nonsynonymous differences (Jukes Cantor distance), using the Nei-Gojobori and Li-Wu-Luo methods in MEGA. To establish synteny, fish and mammalian PrP genomic regions were analyzed for gene content and order using GENSCAN and subsequent reciprocal BLAST searches. Human, mouse, Takifugu, zebrafish, and chicken genomic data were extracted from public databases. Zebrafish genes were mapped using a radiation hybrid panel as described previously (26) (Supplemental Table 1 ).
Protein structure analysis
Amino acid sequences were analyzed using various bioinformatic tools: peptide cleavage sites by SignalP v2.0; putative GPI-anchoring sites by Big-PI Predictor; N-glycosylation sites by NetNGlyc v1.0; transmembrane helix prediction by HMMTOP; and secondary/tertiary structures with ProModII, based on hamster (1QLZA.pdb), bovine (1DXOA.pdb), syrian hamster (1B10A.pdb), and mouse (1AG2.pdb) Protein Data Bank (pdb) structure files. Structural conservation at the globular domain (Supplemental Table 4 ) was estimated using optimized alignments and pdb information. Repetitive regions were analyzed manually through serial and parallel alignments of repeats units within and across species (Supplemental Fig. 6 ). Repeat homology between species was assessed based on codon composition and patterns of amino acid replacement.
Data deposition
New fish sequences produced in this work are available in the GenBank database with the following accession numbers: AY438683-AY438685, AY568958, AY568959, AY313162, AY188582, AY336995, BK001461, and BK001463.
RESULTS
Two functional, duplicated PrPs in bony fish
To assess the degree of PrP molecular variation among model bony fish species, we isolated two new genes in zebrafish, two in stickleback, one in trout, and two in carp. Alignment to our previously reported Takifugu, Tetraodon, and salmon sequences (16, 21) yields two similarity groups represented across species, named here PrP-1 (PrP461 or stPrP-1) and -2 (stPrP-2; Fig.  1 ). During preparation of this work, the zebrafish sequences were independently reported by two other groups (27, 28) . To establish their evolutionary relationships, we constructed a PrP phylogeny based on vertebrate globular domains (Fig. 2C) . The tree topology confirms our previous findings of extensive molecular divergence between vertebrate classes (16) and recovers fish PrP-1 and -2 as sister clades, the origin of which predates the radiation of modern fish, in agreement with the hypothesis of a teleost-specific genome duplication (29) . The basal phylogenetic positions of carp and zebrafish PrP-2 are apparently due to their particularly large numbers of substitutions.
Despite being quite variable in size and sequence, fish PrP-1 and -2 have the expected structural features of prion proteins ( Fig. 2A) . This does not apply to PrP-related genes identified by us (see below) and other groups (30) that only contain a subset of the mammalian PrP structural features. Due to the expansion of their repetitive regions and to the presence of indels at the globular domain, fish PrP-1 and -2 are larger than tetrapod PrPs ( Fig. 2A) . Fish PrPs are also heterogeneous in size and composition, PrP-1 being ~10% longer than PrP-2 and each showing considerable interspecies variation. Average amino acid sequence similarity at the globular domain is on average ~40% between fish PrP-1s and -2s. Interspecific pairwise similarity between fish is ~60% within PrP-1s and 50% within PrP-2s, but when compared across vertebrate classes, it can be as low as 17% between fish (salmon PrP-2) and mammalian (human) PrPs.
A unique feature of fish PrPs is the presence of a highly conserved 13 residues stretch (majority consensus sequence NWNPNNKILMSPRY) between the repetitive region and the hydrophobic motif ( Fig. 2A) . The coding structure of zebrafish and Takifugu PrP-1 and -2 genes is conserved and similar to that of tetrapod PrPs, with part of the 5′ UTR, the ORF, and the 3′ UTR encoded in a single exon (28, 31) , and the rest of the 5′UTR in at least one upstream exon. PrP-1 and -2 are normally expressed in the adult fish brain, and their transcripts can be readily amplified from cDNA. A carp PrP-1 mRNA of ~2.5 kbp can be detected by Northern blot in several adult fish tissues but particularly strong in brain and muscle (Fig. 3A ), in agreement with the expression profile of human PrP.
Abs against Takifugu and trout PrP-1 recognize bands in Western blots of brain homogenates from various species (Fig. 3B) . The apparent molecular weights of these bands appear slightly higher than the values for the mature nonglycosylated PrP-1s deduced from their amino acid sequences ( Fig. 3B ), suggesting possible posttranslational modifications, e.g., glycosylation. To determine the native glycosylation states of fish PrPs, we performed a PNGaseF digestion on brain homogenates from different species and probed them with antisera against Takifugu PrP-1. As shown in Fig. 3C , deglycosylation can be observed for perch and sea bass (order Perciformes) but not in salmon and trout (order Salmoniformes), indicating either that glycosylated PrP forms are not present in all fish species or, more likely, that the polyclonal antisera employed is not able to detect all glycosylated forms across unrelated species. It should be noted that the species against which the PrP antisera were raised (Takifugu, order Tetraodontiformes) is more closely related to perch and sea bass (within the series Percomorfa) and only distantly to salmon and trout (Salmoniformes) (32) . Moreover, similar PNGaseF assays performed on both zebrafish PrPs (orden Cypriniformes, even more distantly related to Takifugu) show that, when heterologously expressed as EGFP fusions in mammalian cells, these proteins are indeed glycosylated (Málaga-Trillo et al., submitted).
Notably, the high expression levels of fish PrP-1 in brain and muscle are in agreement with those observed in human neurons and brain tissue, suggesting an evolutionary conserved role of these proteins in the CNS. To see if PrP expression in the brain can be traced back to early stages of neural development, we also looked for the presence and distribution of PrP mRNA in early zebrafish embryos. Whole-mount in situ hybridization at 18 h postfertilization shows active PrP transcription in differentiating neural tissues such as developing brain ventricles and sensory placodes (Fig. 3D ). Our transcriptional analysis of zebrafish PrPs in developing embryos is in partial agreement with related work reported by others during the submission of this work (27) .
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Divergent sequence evolution of structurally conserved globular domains
Despite the substantial sequence variation among fish PrPs, our Abs against trout and Takifugu PrP-1 recognize their targets across various species, suggesting general epitope conservation (Fig. 3B , salmon and trout bands). To understand the possible evolutionary context of this shared immunoreactivity, we scrutinized the patterns of molecular variation among globular domains from fish to mammals. Secondary structures and protein motifs in fish PrPs were identified by computational prediction and verified by alignment to resolved 3-D structure of tetrapod homologs. Analysis on new PrP-1 and -2 fish sequences is consistent with our previous findings on Takifugu PrP-1 (the shortest version of PrP-1), as they all contain the typical three α-helix and two β-strand PrP array (Fig. 1) . The large loop regions of fish PrPs do not show any predictable secondary structure, and after their length was adjusted to fit the mammalian size, as done by others for turtle and frog sequences (19, 20) , the rest of their globular domains folds similarly to that of human PrP (Fig. 2B) . Sequence variability is not evenly distributed along PrP polypeptides: the most conserved stretches are the hydrophobic domain, α-helices and β-sheets, particularly β-1. In contrast, a high frequency of substitutions and indels can be observed for the loops around the α-helices, the one between α-2 and α-3 being conspicuously long in fish PrPs. Remarkably, the conservation of structural domains across the species analyzed here supports the idea of a conserved protein fold in all vertebrate PrPs. Modeling of fish PrP 3-D structures is also consistent with this view (Fig. 2B) , as similar predictions previously made for reptilian and amphibian PrPs (19, 20) have recently been validated by experimental data (23).
Analysis of genetic distances among vertebrate globular domains (Fig. 2C) illustrates the contrasting scenario of strong sequence conservation (short branches) within vertebrate classes, particularly mammals and birds, and large differences between classes (very long branches). This pattern suggests that vertebrate PrPs underwent two distinct rates of molecular evolution. In an early divergent phase (I), rapid amino acid changes shaped the distinct PrP molecules characteristic of each nascent vertebrate class. During a later conservative phase (II), very little amino acid variation was generated within each class. Accordingly, the average ratios of nonsynonymous/synonymous substitutions per site (Supplemental Tables 2 and 3 ) measured for phase I (0.34-1.42) are much higher than those in phase II (0.02-0.72), suggesting that a relaxation of negative selective pressure allowed for the early divergence seen in phase I. Notably, the large variation arisen during phase I seems to have left the basic structure of the globular domain unaffected. To establish whether amino acid replacements that do not modify the secondary structure ("structurally synonymous" changes) were favored, we recorded the proportion of replacements maintaining secondary structure. We find this ratio to be roughly twofold higher at the α-helix and β-strand stretches than at the loop regions (Supplemental Table  4 ), indicating that the conservation of structurally important residues that allow a PrP-like globular folding in highly divergent PrPs can be explained by selection against "structurally nonsynonymous" replacements.
Differential expansion/degeneration at the repetitive domain
We previously found that the N termini of Takifugu and tetrapod PrPs contain similar repetitive regions (16), yet their homology was not immediately evident because their repeat units differ largely in size and composition. The generation of new sequences (e.g., zebrafish, salmon and trout) revealed that most fish PrPs possess larger and more complex repeat regions than Fugu, which led us to re-evaluate the relationships between all vertebrate repeats. Closer inspection revealed that the mammalian region extends beyond the perfect tandem repeats usually described in the literature (2) and that it comprises additional upstream and downstream degenerate repeats (Supplemental Fig. 6 ). Within this "extended" repetitive region, we identified two types of glycine-rich repeats, termed here "A" and "B," which are derived from the relatively conserved cores GGYP and WGQ, respectively, and contain a variable tail (Fig. 4C) . However, neither the origin nor the relationship between A and B repeats is evident. Intriguingly, type A-like repeats can be found in unrelated plant proteins (not shown), but it is unclear whether they share a common origin with PrP repeats or are rather the result of convergent evolution to fulfill similar cellular roles.
Type A and B repeats are represented at unequal ratios in all vertebrate PrPs as indicated in Fig.  4A . For instance, while human PrP contains two A and five B repeats, chick PrP possesses nine A and one B repeats and zebrafish PrP-1 has 28 A and two B repeats (Fig. 4C) . Such strong differences are conserved within vertebrate classes, implying that A and B repeats expanded independently before the radiation of each class, possibly by nonhomologous recombination and gene conversion-like mechanisms (16, 33) from an ancestral PrP with one repeat of each type. Mammalian PrPs seem so far the only ones with expanded B repeats: all other known vertebrate PrPs show expanded A repeats (Fig. 4B) ; particularly fish PrP-1, where repeats are unusually numerous and complexly ordered in a conserved core of four large repeats made of four A repeats each (Fig. 4C ). Different numbers of degenerated A repeats flank this core, making the entire repetitive region more variable in fish than in mammals or birds. Upon obtainment of new fish PrP sequences, we realized that Tetraodon and Takifugu PrP-1 were rather exceptional in that they apparently had undergone a massive loss of A repeats at the core. This allowed us to extend and update our original interpretation on the evolution of PrP repeats (16) . The repetitive region of PrP-2 bears only limited resemblance to that of PrP-1: degenerate repeats can be identified, but they are neither conserved among species nor orderly arrayed. These differences correlate with those at the globular domain and suggest that PrP-2 diverged rapidly after duplication.
PrP genomic neighbors: synteny in fish and mammals
To establish if, like their mammalian homologues, fish PrPs have putative Doppel-like neighbors, we examined the ORFs in the vicinity of Takifugu and zebrafish PrPs. Directly downstream of each fish PrP loci, we identified duplicated genes encoding short GPI-anchored polypeptides. These duplicated loci turned out to be independently reported prion-like genes (18, 28, 30) . Because they contain the characteristic PrP hydrophobic domain (Fig. 5C ), we called them PrP related-1 and -2 (PrP-rel-1 and -2), the former being shorter than the latter (134-150 vs. 171-188 aa). Further similarities to PrP include a β-strand stretch in PrP-rel-1 identical to PrP β-1, and the presence of degenerated B-and A-like repeats in PrP-rel-2. Aside from these motifs, PrP-rels are divergent in sequence. Since no additional α-helix and β-strand stretches could be identified, they are likely to be highly unstructured proteins and we differentiate them from PrP-1 and -2, which do exhibit a larger number of conserved features. We detected PrP-rel-1 transcripts in fish brains via PCR and Northern blot (Fig. 3A) . Takifugu PrP-rel-2 was previously reported as a fish PrP candidate (18) , and it was shown to be developmentally up-regulated in eye and brain tissues.
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To decide whether PrP-1 and -2 originated from the duplication of a larger chromosomal block, we examined their genomic environments in zebrafish and Takifugu and compared their gene order and content to those of the PrP genomic regions in mouse chromosome (Chr) 2 and human Chr 20. In contrast to other studies (18, 30) , we analyzed the entire chromosomal scaffold containing fish PrPs to establish syntenic relationships. Close inspection of Takifugu and mouse contigs revealed that the genomic neighborhood around fish PrP-1 and -2 is not only syntenic to mouse Chr 2, but also to blocks of mouse Chr 10, 16, 5, 6, and 11, arrayed in a mosaic-like manner (Fig. 5A) . The conservation of these syntenic blocks in the PrP-1 and -2 regions confirms their common duplicated origin and indicates that the ancestral PrP regions underwent extensive chromosomal rearrangements before the duplication in fish. Analysis of zebrafish and human PrP contigs provides similar evidence and reinforces this conclusion. It is noteworthy that while the arrangement of the genomic mosaics is similar for PrP-1 and -2, their corresponding synteny blocks often do not contain the same sets of paralogous genes due to the differential loss of duplicated gene copies. Importantly, syntenic relationships with mammals can be reliably reconstructed only when both duplicated fish regions are considered together. We mapped the zebrafish PrP-1 and -2 genes using a radiation hybrid panel and located them in Chr 10 and 25, respectively (PCR data not shown). Four genes are tightly linked in the duplicated synteny blocks of fish, immediately downstream of PrP: Doppel (PrP-rel), Rassf2, Slc23a2, and Csen (Fig. 5A) . In mouse Chr 2, the first three have the same location, but Csen is located more distantly and upstream of PrP. The difference is due to the inversion of a large block (~4 Mbp in mouse) that took place downstream of Csen in either the fish or mammalian ancestral lineage (Fig. 5B) . In humans, direct synteny to Csen has been lost because of a fission that split the linkage group into Chr 2 and 20. Since this association of human chromosomes can be observed in zebrafish (Chr 10 and 25) and chicken (Chr 3) and because it is the only Chr 20 association conserved in at least two mammalian orders (Carnivora and Rodentia), it is likely to represent a chromosomal segment ancestral to vertebrates.
DISCUSSION
As several fish PrP-like molecules had been reported by us and others, it was necessary to unambiguously assess their relationships. Our data clearly establish the correspondence between mammalian and fish PrPs using structural, phylogenetic, and syntenic analyses. Although PrPs are often regarded as highly conserved proteins, our data emphasizes the fact that this observation does not apply beyond mammals and that there is a considerable amount of PrP molecular variation that needs to be considered and analyzed. However, beyond this variation, our new data and sequence analyses reveal that fish PrPs possess the predicted globular domain consistently found in land vertebrates including mammals, where misfolding is commonly associated with prion neurodegenerative disorders. Moreover, a new pattern of A and B repeats was uncovered outside of all globular domains, which represents a new view on the building blocks of the mammalian repetitive region. Although the A and B type composition of the repetitive region is different for every vertebrate class, the globular domain is invariably present and structurally conserved in all vertebrates, suggesting that this domain is of greater functional importance.
Page 8 of 19 (page number not for citation purposes)
Evolution of vertebrate PrPs: globular domain vs. flexible tail
Our two-phase model of PrP molecular evolution explains the large sequence variation between vertebrate classes and the contrasting conservation within each class. Although early and late selection affected the entire PrP polypeptide, different evolutionary mechanisms generated diversity on each protein moiety during phase I. Vertebrate PrPs seem to have evolved as two separate modules, with the repetitive region and the globular domain following independent patterns of evolution, which strongly implies at least two very different functional properties of the native molecule. Thus, the N terminus underwent dramatic structural changes through the differential expansion and degeneration of A and B repeats, which gave rise to unique cores of perfect and degenerate repeats in each vertebrate class (Fig. 4B) . Interestingly, imperfect fish B repeats contain histidine and/or glycine-rich residues (Fig. 4C and Supplemental Fig. 6 ), which in mammals bind copper and mediate the formation of intra and intermolecular assemblies in vitro (34, 35) . However, this might not be the main (conserved) role of the repetitive region, since most non-mammalian repeats do not contain such copper binding sites.
Importantly, the C-terminal domain maintained its globular determinants because of a complex selection pattern that favored rapid sequence divergence, allowing only structurally conservative changes at the α-helix/β-strand stretches. The evolutionary persistence of the globular domain across vertebrate classes suggests that it has an important and conserved activity, perhaps promoting protein-protein interactions. If so, the generation of vertebrate PrP diversity during phase I may have served to sculpt new functional specificities in an early vertebrate ancestor, where distinct but related PrPs could have arisen as polyploidization byproducts, been selected to avoid genetic redundancy, and become later segregated into the nascent vertebrate classes as single copy genes. Two lines of evidence are consistent with a link between PrP duplication and diversification: The occurrence of two rounds of polyploidization in early vertebrates (36) , and the unusual postduplication divergence observed in teleost PrPs. This scenario could be tested by comparing PrPs in related diploid and tetraploid species and by examining more primitive groups such as sharks, lampreys, and the cephalochordate Amphioxus.
High diversity of fish PrPs
We show that the two functional PrP loci originally identified in Takifugu and salmon are conserved across additional diverse bony fish species (zebrafish, trout, carp, and stickleback) and constitutively expressed in adult brain tissues, in agreement with previous findings in mice (37) and chick (38) as well as with related zebrafish work described during the submission of this manuscript (27) . We observed PrP transcription already during brain embryogenesis, suggesting a role in neural development. There are increasing reports of PrP homologues in fish (16, 18, 21, 27, 28, 30) , which differ from each other in their genetic, genomic, and structural homology with mammalian PrP. Here we propose a standard nomenclature, PrP-1 and -2, for the duplicated fish PrP homologues discussed in this paper. All fish PrP-1 and -2 examined here are predicted to possess an unstructured repetitive N-terminal tail and a globular domain with the expected PrP motifs and α-helix/β-strand arrangement. The fish hydrophobic domain differs minimally in sequence from the invariant amniote consensus (Fig. 1) . Given its association in mammals with PrP amyloidogenesis, neurotoxicity, and proteinase K resistance (39) , functional analyses of this well conserved domain in non-mammalian PrPs may help understand the origin of its pathogenic properties. The fish-specific 13 aa stretch that precedes the hydrophobic motif is particularly intriguing: it is almost perfectly conserved, yet it has neither predicted secondary structures nor similarity to known proteins.
Variation in protein motifs between fish and tetrapods provides hints about PrP functional evolution. For instance, the two tetrapod N-glycosylation sites conserved inside α-2 and in the α-2/α-3 loop are present only in some of the fish PrPs surveyed here, hinting at differences in their degree of exposure and the specificity of their potential protein-protein interactions. Likewise, the greater length of fish PrPs might affect the overall topology of the protein, for example, by doubling the conserved spacing of the tetrapod disulfide bridge. Putative interaction domains corresponding to the mammalian SH3 binding (40) and Laminin-α-2 motifs (41) can also be identified in fish PrPs (Fig. 1) , but their activities need to be tested.
In contrast to the strong interspecies conservation recorded within bird and mammalian sequences (15) , fish PrPs are substantially diverse, owing to high substitution rates and the occurrence of indels. The resulting phylogenetic distortion is evident in zebrafish PrPs, which appear basal and largely divergent (Fig. 2C) . In Takifugu and Tetraodon, multiple deletions shorten their PrPs ~25% relative to other fish species, in line with the known genome size reduction in these genera (42) . The extraordinary variability of fish PrPs might be a consequence of having two expressed PrP loci: rapid subfunctionalization of duplicated genes may be selected if their redundancy is detrimental to the organism (43) . Indeed, PrP overexpression can lead to severe developmental defects in zebrafish (Málaga-Trillo et al., submitted).
Ancestral synteny of PrP chromosomal regions: a convergent origin of Doppel and PrPrels?
We located fish PrP-1 and -2 within two separate genomic regions that show complex mosaic syntenic relationships to several mammalian chromosomes (Fig. 5A) . The sharing of chromosomal associations between the two PrP regions of fish confirms their duplicated origin, whereas their homology to mammalian PrP region is defined by the block of genes shared between the PrP genomic segments in Takifugu scaffolds 96 and 155 (zebrafish Chr 10 and 25) and mouse Chr 2 (human Chr 2 and 20; Fig. 5B ). This "ancestral PrP block" (Fig. 5A, in red) contains not only the four loci tightly linked to PrP (see results), but it includes more loosely linked loci like Agtrl1, Flrt3, and Znf2, which altogether uncover the frequent occurrence of chromosomal rearrangements in this region during vertebrate evolution: at least three inversions and multiple insertions between fish and mammals and an additional inversion and two fissions between mice and humans. Interestingly, the absence in this region of other loci claimed to be PrP orthologues, such as Shadoo (30) , adds further support to our conclusion that PrP-1 and PrP-2 are the true fish homologues of mammalian PrPs.
The finding of duplicated PrP-rel genes downstream of PrP-1 and -2 has interesting implications for the origin and evolution of mammalian Doppel. Direct sequence and structure homology between PrP-rels and Dpl is relatively poor; however, PrP-rels share tight linkage to PrP, Rassf2, Slc23a2, and Csen, and code for short GPI-anchored proteins containing PrP features like a highly conserved hydrophobic domain, a β-1 stretch, and degenerated repeats. Thus, similar to Dpl, PrP-rel-1 and -2 are likely to have arisen from an ancient tandem duplication of an early fish PrP ancestor and then diverged as a result of high substitution rates and the differential loss of motifs.
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Characterization of shark PrPs should help confirm these ideas. Unlike Dpl, PrP-rels are expressed in the brain and appear more related to PrP than to Dpl, raising the interesting scenario of a similar but independent origin of these genes in fish and mammals. In summary, our comparative approach not only sheds light on the origin and evolution of PrP; it also provides an experimental framework for much needed functional studies on TSEs and neurodegeneration in a well-established non-mammalian model like the zebrafish.
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Our special thanks to R. Beltre for the RH Mapping; T. Papadopoulos, S. Hannbeck, L. Jimiri, M. Mette, and K. Krohn for technical assistance. This work was supported by the DFG, TR-SFB11, MWK-BW, Bavarian STMUGV, and EC grant QLK5-CT-2002-00866. E. Rivera-Milla is a DAAD fellow. domains of tetrapod and teleost PrPs (shown as "1" and "2," respectively), compared with human doppel. Hydrophobic domains (HD) are shown in orange, β-strands in green, and α-helices in blue. Information was extracted from pdb models 1QLX (human), 1AG (mouse), 1DXOA (cow), 1U3M (chick), 1U5L (turtle), 1XUO (frog), and computational predictions (fish). Potential N-glycosylation sites are framed in green, cysteines (C) forming disulfide bridges are shown in red, and GPI-anchor sites (S) in magenta. Putative SH3 binding and laminin-α-2 receptor motifs are highlighted in violet and light blue blocks, respectively. Gaps are denoted by "-". "Takifugu" and "Tetraodon" correspond to Takifugu rubripes (Japanese pufferfish) and Tetraodon nigroviridis (green-dotted pufferfish), respectively. of tetrapods and teleost fish. Tandem repeats are shown in blue, hydrophobic domains (HD) in red, β-strands in green, α-helices in cyan, and the fish-specific 13 aa motif in pink. Sp = signal peptide; orange pentagons = GPI-anchors; N = glycosylation sites; and S-S = disulfide bridges. Breakpoints in repetitive regions indicate length variation. B) 3-D structures of human (based on 1QLX.pdb model) and zebrafish (predicted) PrP-1 and -2 globular domains. Zebrafish loops α-1/β-2 and α-2/α-3, predicted to be unstructured, were shortened to the length of their human counterparts for comparative purposes, as previously done with other organisms (19, 20) . C) Evolutionary relationships among vertebrate PrP globular domain sequences based on distance methods (Neighbor-Joining). Bootstrap values are shown at relevant nodes. White boxes represent single fish genes that disrupt syntenic blocks, and their relative location on mouse chromosome is given inside each box. Boxes marked with an "X" indicate lost Takifugu paralogues. B) Comparison of human, mouse, and fish PrP ancestral blocks; a hypothetical fish consensus block was generated by merging extant duplicated blocks. Double slashes indicate unrelated intergenic segments. C) Partial alignment of the hydrophobic domain (red) and β-sheet 1 (green) residues in human PrP/Dpl and fish PrPs/PrP-rels.
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